Abstract: Soil hydraulic properties play an important role in modelingwater and solute movement within the vadose zone of soils. Direct measurement of hydraulic parameters at a wide range of scales involves considerable time, labor, and money. Pedotransfer functions (PTF) may provide an alternative way of estimating these parameters indirectly from easy-to-measure soil properties. The Loess Plateau of China lacks large databases of hydraulic parameters and also the PTF that could determine them accurately enough for scientists and policy makers to address many of the region's related problems, such as severe soil erosion. In this study, new PTF for saturated hydraulic conductivity (K s ), field capacity, and saturated soil-water content were developed. Multiple linear regression was used to analyze 252 data sets of the hydraulic and basic soil properties, as well as altitude, to derive the PTF. A further 130 data sets were used for validation. The predictive capabilities of the PTF were the best for saturated soil-water content (R adj 2 = 0.78) and least for log K s (R adj 2 = 0.36). Bulk density, soil organic carbon, and soil particle composition were identified as significant input variables for the PTF. The inclusion of a topographic factor (altitude) significantly improved the predictive capability of the PTF for log K s . Compared with established PTF, the PTF developed in this study predicted the hydraulic parameters more accurately as indicated by higher R 2 and lower RMSE values when predicted, and measured parameter values were compared, and the greatest improvement was obtained for log K s . The new PTF are the first set of PTF based on data from the Loess Plateau. Their better performance makes them applicable for a variety of purposes in the Plateau region and possibly in other loess regions around the world.
T o monitor and manage the transport of water and solutes (e.g., environmental contaminants and fertilization), detailed hydrologic models are increasingly used for quantifying and integrating the most important physical, chemical, and biological processes active in the unsaturated zone of soils (Baker and Ellison, 2008; Wösten et al., 2001 ). These models require soil hydraulic properties (that govern retention and transport of water and chemicals in soils) as critical input parameters, which are not always readily available at a desired scale (Merdun et al., 2006; Zhuang et al., 2000) . Furthermore, these hydraulic properties are spatially and temporally variable, and their values depend on specific measurement methods (Hu et al., 2009; Santra and Das, 2008; Sobieraj et al., 2004) . There has been great progress in substantially improving or developing new methods for directly measuring soil hydraulic properties in the past 20 years (Hu et al., 2009; Javaux and Vanclooster, 2006) ; however, the majority of these techniques are expensive because they are timeconsuming and labor-intensive (Santra and Das, 2008; Wösten et al., 2001) . As an alternative, an indirect but reasonably accurate estimation of these properties might be made from widely available data or more easily measured soil properties by using pedotransfer functions (PTF) (Amer et al., 2009; Bouma, 1989; Børgesen and Schaap, 2005; Sobieraj et al., 2001) . Bouma (1989) introduced the term pedotransfer function, which used basic soil properties as inputs and gave hydraulic parameters as outputs. Since then, PTF have become an increasingly important soil science research topic (McBratney et al., 2011) . The PTF are mainly classified as point estimation methods or parameter estimation methods (Minasny et al., 1999; Tietje and Tapkenhinrichs, 1993) . In the point estimation, a specific point of the moisture pF curve, at a predetermined pressure head, is estimated directly from basic soil properties. These points may be the water content at field capacity (FC), or the saturated hydraulic conductivity, or the water content at a given matric potential (Merdun et al., 2006; Minasny et al., 1999) . In the parameter estimation, the parameters of water retention or conductivity functions, such as the Campbell (1974) and van Genuchten (1980) equations, are estimated, and then these parameters are related to basic soil properties using PTF. Compared with the point estimation, the advantage of parametric PTF is that the hydraulic characteristics are described as continuous curves and thus allow the computation of hydraulic values at arbitrary pressures (Børgesen and Schaap, 2005; Minasny et al., 1999) . Wösten et al. (2001) summarized four common methods that can be used to develop PTF for point and/or parametric estimations; these methods are multiple linear regression (MLR), artificial neural network, group method of data handling, and classification and regression trees. Merdun et al. (2006) and Minasny et al. (1999) made a systematical comparison of the different approaches to the development of PTF for waterretention curves and concluded that MLR was more suitable and convenient to use for point estimations than other prediction methods.
A variety of PTF have been developed and used in different regions (e.g., in the United States, Europe, and India) and for different research fields (e.g., soil sciences, hydrology, and ecology). Rawls et al. (1982) developed PTF for soil hydraulic properties using 5350 data sets collected from 32 states in the United States. Wösten et al. (1999) developed PTF for European soils using the HYPRES database that contains 5521 sets of soil data. Schaap et al. (2001) presented the computer program ROSETTA, which is a convenient application of PTF developed by . Santra and Das (2008) developed a point PTF for K s and parametric PTF for the parameters of the van Genuchten water-retention model from a limited number of soil data (N = 100) in India. In general, most of the PTF were developed in developed countries using large databases, whereas only a few PTF are available in developing countries.
Reported PTF used for estimating soil hydraulic properties in one region are not always applicable in other regions with acceptable accuracy. This is due to (i) the high temporal and spatial variability of soil hydraulic properties (Hu et al., 2009; Sobieraj et al., 2002; Voudouris et al., 2005) , (ii) the differing degrees of detail and reliability of the PTF (Li et al., 2007; McBratney et al., 2011) , and (iii) the distribution of the institutes and/or countries that developed the PTF throughout the world (Wösten et al., 2001) . Hence, it is important and necessary to develop PTF for particular regions where applicable PTF are scarce.
In a review of PTF, Vereecken et al. (2010) addressed the challenges encountered in improving the prediction accuracy of PTF and the prospects for future development. Furthermore, McBratney et al. (2011) recommended that a published PTF should be accompanied by three tables containing information and statistics about the training data, the variable to be predicted in the calibration set, and the validation data, in addition to expressing the function and presenting an uncertainty analysis. This would enable potential users to decide the appropriateness of the PTF for their data.
Cultivation of the Loess Plateau of China has increased from ancient times to the present in unique landscapes formed over deep loess deposits that are subject to intense soil erosion. The terrestrial ecosystem is fragile and is especially susceptible to land use and/or climate changes, which in the past have generally resulted in intensive soil and water losses (Shi and Shao, 2000) . Modeling and prediction of hydrological processes related to soil and water loss generally require hydraulic parameters or their PTF as inputs (Stolte et al., 2003) . Moreover, the evaluation of soil-water availability, water-holding capacity, and soil desiccation requires information about soil hydraulic properties such as the saturated soil-water content (SSWC) and the FC (Wang et al., 2010; . Currently, such PTF for these soil hydraulic properties are not available, as far as we know, but are increasingly needed.
Therefore, the objectives of this study were (i) to develop the PTF of soil hydraulic parameters for the Loess Plateau of China using MLR methods and (ii) to evaluate and compare the performance of the developed PTF with the established PTF.
MATERIALS AND METHODS

Study Area
The study was carried out across the entire Loess Plateau of China (È620,000 km 2 ), which is covered largely by Loesspaleosol layers ranging from 30 to 80 m in thickness at elevations of 200 to 3000 m. The plateau is in the continental monsoon region where annual precipitation ranges from 150 mm in the northwest to 800 mm in the southeast, 55% to 78% of which falls from June to September (Wang et al., 2011) ; annual evaporation is 1400 to 2000 mm; annual mean temperature is 3.6-C in the northwest and 14.3-C in the southeast. Soils are typically derived from the loess deposits. The most widely spread soil has a clay-loam texture; sandier textures are in the northwest, and more clay textures are in the southeast (Shi and Shao, 2000) .
Data Preparation
The data used in this study were obtained from 382 sites located across the entire Plateau using an intensive sampling strategy. Geographic coordinates of each site including altitude, longitude, and latitude were derived from GPS receiver readings (5 m in precision) recorded at the sites. The location information was imported into a geographic information system (Arc/Info) in Albers coordinates to show the distribution of the 382 sampling sites (Fig. 1) .
A total of 764 soil samples (382 undisturbed soil cores and 382 disturbed soil samples) were collected from the soil surface (0Y5 cm) layers. Undisturbed soil cores were collected in metal cylinders (5-cm diameter, 5 cm long) to measure K s , bulk density (BD), SSWC, and FC. Disturbed soil samples (about 1 kg) were collected to determine soil particle composition and soil organic carbon (SOC).
The undisturbed soil cores were used to measure K s by a constant head method (Klute and Dirksen, 1986; Wang et al., 2008) . In addition, BD was determined from the volume and dry mass of the core samples (Wang et al., 2008) . Gravimetric soilwater contents for FC (at a suction of j33 kPa) and SSWC (saturation) were determined by bringing the soil cores to the appropriate soil-water content and then measuring the mass loss during oven drying at 105-C to constant weight; the gravimetric water contents (g H 2 O/100 g dry soil) were transformed to volumetric water contents (cm 3 cm j3 ) using the measured BD. The disturbed soil samples were air-dried and passed through 1-and 0.25-mm meshes. Samples less than 1 mm were used to measure soil particle composition by laser diffraction using a Mastersizer 2000 (Malvern Instruments, Malvern, England) (Liu et al., 2005) ; the soil texture was classified according to size fractions: less than 0.002 mm (clay), 0.002 to 0.05 mm (silt), and 0.05 to 1 mm (sand). Samples less than 0.25 mm were used for SOC determination by dichromate oxidation (Nelson and Sommers, 1982) .
Data Analysis
Descriptive Statistics
The measured data for each site, including soil hydraulic parameters (K s , FC, and SSWC), basic soil properties (BD, SOC, and clay, silt, and sand contents), and a topographic element (altitude), formed 382 data sets. These were divided randomly into two sub-sets: Sub-set 1 for PTF derivations with 252 data sets (including calibration data sets of hydraulic parameters) and Sub-set 2 for PTF validations with 130 data sets.
Before calculating the descriptive statistics for Sub-set 1 and Sub-set 2, each variable was checked for normality by using the skewness and kurtosis values and the Kolmogorov-Smirnov test statistics. Log transformation was conducted if the distribution of raw data was highly skewed. Primary statistical parameters such as the mean, maximum and minimum, S.D., and variance-covariance matrix were calculated. Pearson correlation analyses between hydraulic parameters, basic soil properties, and altitude were conducted to detect potential relationships among the variables.
PTF Development
Using the 252 derivation data sets, the PTF for the three soil hydraulic parameters (K s , FC, and SSWC) in this study were developed by using the measured soil properties (BD, SOC, and clay, silt, and sand contents) and altitude as potential predictors.
Multiple linear regression analysis was performed to select the most significant input variables, and then log-transformed, reciprocal, quadratic, and possible interaction terms of the variables were investigated. The general form of the regression equations was (Merdun et al., 2006) :
where Y is the dependent variable (K s , FC, and SSWC in this study); a 0 is the intercept; a 1 ,I, a n are regression coefficients;
and X 1 j X 6 are independent variables (BD, SOC, altitude, and clay, silt, and sand contents in this study). The predictive capabilities of the PTF were assessed using the adjusted R 2 value, which measures the proportion of the variation that can be accounted for by the regression models (Li et al., 2007) .
where N is the number of observations, M is the number of independent variables in the PTF, and R 2 is the coefficient of determination.
Calibration of PTF
The accuracy of the PTF developed in this study (hereinafter, referred to as new PTF) was evaluated by using the calibration data in Sub-set 1. The R 2 and the root mean square error (RMSE) values were calculated and used as evaluation criteria. Mean error (ME) was also used in the evaluation of prediction accuracyVpositive and negative values of ME indicate underestimation and overestimation of PTF for a given parameter, respectively. The mathematical expressions of R 2 , RMSE and ME are as follows:
where y i denotes the measured value, ŷ i is the predicted value, y ; i is the mean of the measured value y, and N is the total number of observations in the validation data sets (252 samples). The uncertainty calculation for each model was conducted by using the standard least squares method, which is recommended for MLR models (McBratney et al., 2011) .
Validation of PTF
The new PTF developed from Sub-set 1 were validated by using Sub-set 2. The prediction efficiency of each PTF was evaluated by using R 2 , RMSE, and ME. In addition, the performance of each of the new PTF developed in this study was compared with that of three established PTF (Table 1) , of which two PTF were developed outside China (Schaap et al., 2001; Wösten et al., 1999) and one was developed in China (but not for the Loess Plateau region) (Li et al., 2007) . The predicted values of log K s and SSWC were directly calculated using these three established PTF, whereas value of FC was calculated by estimating a, n, 5 s (equal to SSWC), and 5 r and then substituting them in the van Genuchten model [Eq. (6) given below]. The van Genuchten (1980) model equation was selected for this purpose in this study because it has been widely used and evaluated for a wide range of soil types (Han et al., 2010) ; it is expressed as follows:
where 5(h) is the measured volumetric water content (cm 3 cm j3 ) at a matric potential head h (cm); 5 r and 5 s are residual and SSWC (cm 3 cm j3 ), respectively; and a (cm j1 ) and n are shape parameters.
An analysis of variance was also performed to determine whether differences between the predictions of the soil hydraulic parameters made by the new PTF and the established PTF were significant. In addition, measured values were plotted against predicted values for each hydraulic parameter using SigmaPlot software (version 10.0), which makes a visual evaluation of the PTF performance over the range of parameter values possible. All the analyses were performed with Microsoft Office Excel and SPSS (version 13.0, SPSS Inc., Chicago, IL) software. The sampling map was created with GIS software GIS software (Version ArcMap TM 9.2, ESRI, Redlands, CA).
RESULTS AND DISCUSSION
Statistical Characteristics of the Soil Properties Table 2 shows that the soils of the Loess Plateau have wide ranges of physical properties (input variables). For instance, in the derivation data sets, the ranges of BD and clay, silt, and sand contents were 1.04 to 1.82 g cm j3 and 0.4% to 35.8%, 6.3% to 84.7%, and 0.8% to 92.0%, respectively. The validation data sets had similar ranges. Such wide ranges of physical properties resulted from the extent of the large study area (È620,000 km 2 ), in which there are large variations in climate, vegetation types, and other biotic and abiotic processes (Wang et al., 2010) . Even so, the wide range of soil property values indicated the comprehensive representation of the data sets.
The measured data also showed that soil hydraulic properties (output parameters) in the calibration data sets had wide ranges (Table 3) , respectively. It should be noted that the soil with the FC of 2.39 cm 3 cm j3 had a sandy texture, and such soils with low FC were generally located in the northwest of the plateau.
The skewness and kurtosis values, as well as the KYS test, for both the derivation data sets (including calibration data) and the validation data sets showed that K s , SOC, and silt and sand contents were highly skewed (skewness 92.2) and had high kurtosis values (96.6) ( Table 2) . Therefore, these data were logtransformed for further analysis (Webster, 2001) . Table 2 also presents the variance-covariance matrix of the input derivation data, which is useful in understanding the shape and extent of the calibration domain (McBratney et al., 2011) .
Correlation Analysis
Before the new PTF were developed, the relationships between the soil hydraulic parameters and the soil properties, as well as altitude, were investigated. Table 4 presents the correlation coefficients between the variables in the derivation data sets. The best correlations were found between FC and each of the basic soil properties. Significant correlations also existed between SSWC and BD, silt, sand, and SOC, but only two variables (silt and sand content) were significantly correlated with K s . However, for the variables that were log-transformed, the correlations between log K s and either BD, clay content, log SOC, or altitude were significantly stronger (Table 4) . This was because the distribution of the log-transformed variables was more normal than the raw data sets (Table 2) , which is in accordance with the results of Li et al. (2007) . Table 4 also shows that log K s and FC were significantly correlated with the topographic parameter (altitude), which was not considered as a factor in some established PTF (Baker and Ellison, 2008; Schaap et al., 2001; Wösten et al., 1999) . Therefore, inclusion of altitude as an input variable may increase the prediction capability of the new PTF (Santra and Das, 2008) . By carrying out the correlation analyses, linear relationships among the variables could be detected that would indicate how the PTF structure could be developed (Li et al., 2007) .
Significant correlations (P G 0.01) were also found among the three measured soil hydraulic parameters. For example, log (2)], the regression model for SSWC, which explained 78.2% of the overall variability, was the best model, whereas that for FC explained 67.4%. The worst regression model was for log K s , which explained only 36.4% of the variability. The relatively poor prediction of log K s may be explained by (1) the difficulty in measuring K s in heterogeneous soils especially near saturation (Merdun et al., 2006) and (2) the selection of inappropriate predictors. The prediction of K s could be improved by adding input variables that influence K s (e.g., topographic, vegetation, and land use factors) and/or by enlarging the data set (Tamari et al., 1996) .
Pedotransfer Functions Developed From Derivation Data Sets
The results of MLR analysis identified the same or similar variables that were shown to be linearly correlated to the hydraulic parameters to be included in the models (Tables 4 and 5 ). For example, MLR showed that BD, SOC, silt, and sand contents, and altitude were important input variables for predicting log K s (Table 5) , and these variables were also each observed to be significantly correlated with log K s in the linear correlation analysis (Table 4) . Identified correlations among the basic soil properties, and between them and the hydraulic properties, can be useful when selecting different input combinations to develop robust PTF for hydraulic parameters (Santra and Das, 2008) .
The new PTF developed for log K s , FC, and SSWC in this study are presented in Table 6 . The F test statistics for all the new PTF were highly significant (P G 0.01), and the distributions of the residuals were approximately normal with zero means (data not shown). This indicated that the new PTF can give a robust prediction of the soil hydraulic parameters at the presented study scale.
The accuracy of the new PTF was evaluated by using the calibration data sets. Table 3 gives the statistical evaluation parameters for the calibration results. The value of ME implies that all the new PTF overestimated the hydraulic parameters (Table 3 ). The R 2 and RMSE values for log K s , FC, and SSWC were in the ranges of 0.377 to 0.787 and 0.382 to 4.194, respectively, indicating notably different prediction accuracies occurred among the new PTF. The value of RMSE for the FC PTF (4.194) was lower, therefore implying greater accuracy, than those obtained by Vereecken et al. (2010) (94.5) . The higher accuracy of the new PTF developed in this study may be attributed to the consideration of interaction terms through which the selection of the BD Â SOC term was made. Vereecken et al. (2010) also concluded that including soil-water content in the PTF improved its accuracy and led to reduced RMSE values. However, at a large scale where topography would be more complex, as in the case of the presented study, taking topographic factors such as altitude into account can more effectively improve the prediction of soil hydraulic properties (Jana and Mohanty, 2011; Santra and Das, 2008) .
Performance of PTF in Validation Data Sets
The performance of the new PTF developed from the derivation data sets was tested by using the validation data sets. The new PTF were then compared with the established PTF (listed in Table 1 ) by comparing their respective R 2 , RMSE, and ME values (Table 7) . Measured and predicted values of log K s , FC, and SSWC are also depicted in Figure 2 .
As indicated by the statistical parameters listed in Table 7 , the new PTF performed better than the established PTF for the three hydraulic parameters. The R 2 and RMSE values of the new PTF for log K s , FC, and SSWC ranged from 0.400 to 0.998 and from 0.400 to 5.640, respectively; R 2 values were larger, and RMSE values were smaller than those of the three established PTF. By comparing the values of R 2 and RMSE, we further found that the improvement in the accuracy of the new PTF for log K s over those of the established PTF was greater than for the FC and SSWC PTF, although the unexplained variability remained high.
The ROSETTA PTF developed by Schaap et al. (2001) were ranked second in predicting the soil hydraulic parameters on the Loess Plateau, and the HYPRES PTF, developed by Wösten et al. (1999) , were ranked third. The PTF developed by Li et al. (2007) for a different region in China performed poorly in the Loess Plateau region (Table 7) , which may be largely due to the small number of their derivation data sets (N G 63) that represented a narrow range of soil properties. In contrast, the higher ranking of the PTF developed by Wösten et al. (1999) and by Schaap et al. (2001) may be attributed to the larger number of derivation databases (N 9 2100) that they used. Li et al. (2007) 0.001 0.040 0.965 HYPRES (Wösten et al., 1999) 0.272 0.412 0.974 ROSETTA (Schaap et al., 2001) 0.305 0.409 0.984 RMSE This study 0.400 5.640 2.439 Li et al. (2007) 1.679 7.460 9.159 HYPRES (Wösten et al., 1999) 0.618 5.840 7.840 ROSETTA (Schaap et al., 2001) 0.565 5.857 6.263 ME This study 0.010 j0.565 j0.089 Li et al. (2007) j0.961 j22.045 j0.287 HYPRES (Wösten et al., 1999) 0.020 j14.174 6.790 ROSETTA (Schaap et al., 2001) 0.371 j8.317 5.503 ME: mean error; R 2 : coefficient of determination; RMSE: root mean square error. In addition to R 2 and RMSE, ME was also calculated to evaluate the prediction accuracy of the new PTF and of the established PTF (Table 7) . Although the new PTF generally overestimated the three hydraulic parameters, the absolute values of the ME were lower than those of the established PTF. In contrast, the PTF developed by Li et al. (2007) all clearly overestimated the three parameters, and the absolute ME values were generally greater than those of all the other PTF for a given parameter. The superior performance of the new PTF is also apparent in Figure 2 .
Analysis of variance showed that the differences between the predicted values of the new PTF and of the established PTF were generally significant for the three hydraulic parameters (P G 0.05). The exceptions were (1) log K s predicted by the new In summary, the utilization of a robust PTF can save time and labor, thereby greatly reducing costs, which improves the efficiency of research and permits the application of relevant hydrological models (Julià et al., 2004; Nielsen, 2006; Wösten et al., 2001) . Generally, the development of a robust PTF always satisfies the following three conditions: (1) large databases, which generally contain more than 200 data sets (Børgesen and Schaap, 2005; Pachepsky et al., 2006; Wösten et al., 1999) , (2) variables that are considered to be appropriate as inputs for the PTF (Baker and Ellison, 2008; Merdun et al., 2006; Santra and Das, 2008) , and (3) an advanced methodology for PTF development (Minasny and McBratney, 2000; Minasny et al., 1999; Schaap et al., 2001; Wösten et al., 1999) . In the present study, a relatively large database (N = 382) was used. Relevant variables were considered as inputs in different forms (i.e., log-transformed, reciprocal, quadratic), and so were their interactions. The development of the PTF for log K s , FC, and SSWC used MLR analysis. Therefore, the data and methods used in this study were considered to satisfy the conditions for developing a robust PTF. After evaluation and comparison, the PTF developed in this study performed better than other established PTF, which were developed in other regions. Therefore, the PTF developed in this study should be used for estimating the hydraulic parameters of soils on the Loess Plateau with a higher performance than the PTF developed in other regions.
CONCLUSIONS
Basic soil properties (BD; SOC; clay, silt, and sand contents; and altitude) and hydraulic properties (K s , FC, and SSWC) were measured for 382 soil samples collected from sites across the entire Loess Plateau region of China. The data were divided into derivation data sets (252 samples), which were also used for calibration, and validation data sets (130 samples). New PTF for log K s , FC, and SSWC were developed using the derivation data sets and validated. The predictive capabilities of the new PTF were compared with previously established PTF from other regions.
The soil properties of BD, SOC, and soil particle size composition were identified as significant components of the new PTF for the three hydraulic parameters. The inclusion of a topographic element (altitude) significantly improved the predictive capability of the PTF for log K s . The new PTF had high predictive capabilities in the order SWCC 9 FC 9 log K s .
When predicted values were compared with the measured values of the validation set, the new PTF resulted in higher R 2 and lower RMSE values than those obtained when using the previously established PTF. The improvement in the PTF for log K s was greater than those in the PTF for FC and SWCC, although the unexplained variability remained high. The new PTF are the first set of PTF based on data from the Loess Plateau, and their higher performance makes them applicable for a variety of purposes in the Plateau region and possibly in other loess regions around the world.
ACKNOWLEDGMENTS
The authors thank the editors of the journal and the reviewers for their useful comments and suggestions. Special thanks also go to Mr. David Warrington for his zealous help in improving an earlier version of this article. 'Li et al.'' (2007) , HYPRES (Wösten et al., 1999) , and ROSETTA (Schaap et al., 2001 ).
